Abstract. We describe and explore the capability of a photothermal ͑PT͒ assay with modified schematics for highly sensitive detection of individual cell response to antitumor drug impact in vitro. Specifically, we used the nonlinear differential PT test to measure distinctive changes of specific PT parameters after exposure of KB3 carcinoma cells to the antitumor drug vinblastine in the broad concentration range of 10 −10 to 300 nM. Verification of the PT assay was performed by comparison with multidrug-resistant cells and comparison with conventional assays evaluating cell viability, cytochrome c release, apoptosis induction, and cell size. We demonstrate that this system is capable of detecting drug-induced signals at a concentration threshold sensitivity at least seven orders of magnitude better than existing assays. We anticipate that this technique may serve as a convenient and rapid analytical tool to evaluate the presence of intracellular drug, with applications in high throughput screening assays and for studying drug uptake and distribution in more complex biological or clinical samples.
Introduction
Many systems have been developed to test general and specific drug toxicity at the cellular level. [1] [2] [3] [4] In particular, development of new cancer chemotherapeutic agents ͑or improvement of conventional ones͒ requires rapid estimation of efficiency, dose optimization, and specificity, and ideally takes into account individual patient tumor drug resistance at particular stages of progression. However, most existing cytotoxicity assays, such as standard cell viability and apoptosis assays, are not suitable for such tasks because they are timeconsuming, relatively complex, and expensive. [5] [6] [7] [8] [9] [10] [11] [12] [13] Several optical assays that have been developed to overcome these problems have shown promise. In absorption ͑transmittance͒ spectroscopy, drug action is evaluated through changes of attenuation in optical radiation resulting from corresponding changes in endogenous intracellular absorbing structures, for example, changes in the redox state of cytochrome c by cyanide.
14 A common problem of this technique, however, is its relatively low absorption sensitivity due to the short optical path of light in cells. Phase contrast and differentialinterference contrast microscopy provide information about drug action by monitoring changes in the cellular finerefractive structures, for example, metabolic and toxic-related changes in mitochondrial shape and size. 15, 16 Although this technique yields more specific information on cellular changes, its sensitivity is only one order of magnitude greater than conventional cytotoxicity tests. Currently, fluorescencelabeling scanning microscopy and flow cytometry provide the most powerful tools for observing and quantitating metabolic, physiologic, and morphologic parameters in single cells after drug treatment. 17, 18 Despite their appeal, these techniques have limitations due to photobleaching effects and the escape of fluorescent indicators through diffusion. Moreover, growing evidence suggests that these indicators may seriously distort genuine cell-drug interactions through unwanted indicator-cell and indicator-drug interactions. 19, 20 More recently, nonresonant Raman spectroscopy was used to image DNA and protein redistribution during paclitaxel-induced apoptosis in single HeLa cells. 21 However, a relatively weak scattering phenomenon limited this technique to studying dense biological structures only, such as nuclei. Another technique, optical scattering imaging, is capable of monitoring calcium-induced alterations in mitochondrial morphology, as verified by parallel fluorescent and differential-interference contrast microscopy. 22 These techniques do not require a staining procedure, making them promising candidates for further development.
Because most cellular structures are not fluorescent or are weakly fluorescent, most absorbed light energy is transformed through nonradiative relaxation in the form of heat, which can be detected with photothermal ͑PT͒ techniques. 23, 24 For nonfluorescent samples, this technique provides the highest absorption sensitivities ͑approximately five orders of magnitude better than transmission spectroscopy͒ and allows evaluation of very low concentrations of biomolecules, without labeling, with a sensitivity comparable to that of laser fluorescence methods that require labeling. 25, 26 Preliminary studies have demonstrated PT responses from cells subjected to different environmental impacts including photodynamic effects, 27, 28 the influence of drugs, 29 and chemical and radiation inducers of apoptosis. [30] [31] [32] [33] [34] [35] In particular, we have recently developed and experimentally verified the nanocluster model of the PT assay with the use of a laser-induced microbubble around endogenous ͑e.g., cytochrome c in mitochondria 24, 36 ͒ or exogenous ͑e.g., bioconjugated gold nanoparticles 37, 38 ͒ absorbers as indicators of environmental and therapeutic impact ͑e.g., radiation͒. 35 However, the PT data were not correlated directly with toxicological and apoptotic effects or verified with conventional assays over a large concentration range; the underlying mechanisms were not investigated; the data were mostly obtained with relatively poor resolution ͑0.7 to 1 m͒; and threshold sensitivity was not estimated. In the present study, we demonstrate the remarkable sensitivity and utility of the PT technique as a probe for antitumor drug action. We demonstrate that this system is capable of detecting drug-induced cell alteration at a concentration threshold sensitivity at least seven orders of magnitude better than existing assays. We anticipate that this technique may serve as a convenient and rapid analytical tool to evaluate the presence of an intracellular drug, with applications in high throughput screening assays and for studying drug uptake and distribution in more complex biological or clinical samples.
Methods

Principle and Schematics of the PT Technique
The irradiation of a single cell with a laser pump pulse leads to an increase in the temperature of local cellular absorbing non-or weakly fluorescent structures. This temperature increase at the short laser pulse, when heat diffusion from the heated area is negligible during the pulse, depends upon the coefficient absorption, laser pulse energy, and the thermodynamic parameters of the absorbing target ͑e.g., the density and the heat capacity͒. 24 For typical laser fluence of 0.1 to 10 J / cm 2 in the visible spectral range for cells with different absorbing profiles, local temperature ranged from 0.1 to 1°C to 100 to 300°C, 24 thus providing a broad spectrum action from noninvasive to invasive, respectively, with manifestation of bubble formation phenomena ͑typically at temperature range of 150 to 250°C͒. 34 In turn, the temperature distribution is transformed into refraction distribution, which can be detected with a second probe pulse. 24 The PT response, which is proportional to temperature changes in pulse mode, demonstrates a high initial peak due to fast ͑nanosecond scale͒ heating of the absorbing structure and a much longer ͑microsecond scale͒ exponential tail corresponding to the cooling of the cell as a whole.
The PT-response amplitude and temporal shape depend on several cellular parameters, such as local coefficient absorption, characteristic relaxation times, thermodynamics, and especially, geometric parameters. All of these may be influenced by drug impact. In particular, the PT response demonstrated high sensitivity to shrinking ͑or swelling͒ of the intracellular absorbing structures as well as the cell as a whole, especially in nonlinear mode with manifestation of microbubble formation around the most strongly overheated absorbing zones. 33, 34 The reversible shrinking of the cell as a whole, and especially that of subcellular organelles, is typically related to metabolic responses to low drug doses or early apoptosis, whereas swelling phenomena are associated with necrosis. [39] [40] [41] [42] [43] For example, if the laser-induced temperature before drug impact is close to the phase transition threshold ͑e.g., related with evaporation͒, even a small drug-induced shrinking of absorbing zones will lead to an increase of local absorption and hence, to local temperature that can be accompanied by the sudden appearance of nonlinear phenomena ͑i.e., bubble formation͒. This feature makes the PT method, in both linear and especially, nonlinear modes, supersensitive to small nanomorphological cell modifications unachievable with other assays. In particular, according to the nanocluster model, 34 the spatial relocation of molecules in nanoclusters within just 5 to 10 nm leads to a change of local absorption within a few percent that can be detected with the PT assay.
As an improvement to previous research applications, 29 we developed a new PT time-resolved microscope and spectrometer with advanced thermolens imaging on the technical platform of the Olympus BX51 microscope ͑Olympus, Melville, New York͒ ͑Fig. 1͒. Briefly, in this system, a single cell is irradiated with a short pump laser pulse, generated by a tunable optical parametric oscillator ͑OPO͒ with the following parameters: spectral tuning range, 420 to 900 nm; pulse width, 8 ns; pulse energy, 0.1 to 1000 J ͑average fluence 0.02 to 200 J / cm 2 ͒ ͑Lotis Ltd., Minsk, Belarus͒. For timeresolved monitoring of laser-induced local thermal effects, including bubble formation around overheated absorbing zones, a conventional dual-pump-probe thermolens mode was applied 23, 24 with a new optical configuration. In one-channel mode, laser-induced temperature-dependent local variations of the refractive index into cells causes a focusing or defocusing of a collinear, continuous-wave stabilized, He-Ne laser probe beam ͑wavelength 633 nm and power 1.4 mW͒ ͑Model 117A, Spectra-Physics Inc., Mountain View, California͒. The resultant reduction of laser intensity at the beam center is recorded by a photodiode ͑C5658, Hamamatsu Corp., Bridgewater, New Jersey͒ with a pinhole ͑0.3-mm diameter͒ and an oscilloscope ͑TDS 3032B, Tektronix Inc., Richardson, Texas͒. The pump and probe beam diameter are adjustable ͑range 20 to 30 m and 15 to 25 m, respectively͒ by an axial moving condenser, or by the use of microobjectives with magnification ranges of 4ϫ, 10ϫ, 20ϫ, 60ϫ, or 100ϫ. Because relatively large laser beams cover the whole cells, the PT thermolens response is proportional to the average absorption within cells with more profound influence of absorption from the cell center near the beam axis. The imaging with these schematics can be realized by scanning more strongly focused laser beams across cells. 30 However, because it is a time-consuming procedure, we developed a new, more rapid mode that required just one pump pulse.
The PT imaging in this mode is created by irradiating a cell with the same pump beam, and detecting the defocusing effects of a second, collinear laser probe pulse ͑Raman shifter, 639 nm; pulse width, 13 ns; pulse energy, 2 nJ͒ using a AE-260E charge-coupled device ͑CCD͒ camera ͑512 Monica, California͒. In this mode, each CCD pixel with its margin plays the role of a single photodetector within a pinhole, respectively, as in the one-channeled thermolens mode. 44, 45 Thus, a wide-field CCD-based PT microscope is equivalent to a multichanneled thermolens imaging system in which the channel number is determined by the number of pixels. This schematic satisfies the requirement for the creation of an adequate image because there is a correlation in the thermolens technique between optical fields immediately after the object in the sample plane and the intensity distribution in the detected area ͑i.e., in the CCD pixel's plane͒. The experimental verification of this imaging was performed by selecting a local area within the cross section of laser beam with a pinhole, and then detecting defocusing effects within this area with just one or several CCD pixel selected with a second pinhole. We found that the change of PT signal amplitude from one pixel was similar to PT response detected with the conventional photodetector with pinhole ͑data not shown͒.
The entire PT image acquisition procedure included illumination of the cells with three pulses: ͑1͒ an initial probe pulse followed by ͑2͒ a 0.1-s delay to the pump pulse and then ͑3͒ a second probe pulse with a tunable delay ͑0 to 5000 ns͒ to the pump pulse. The calculation difference between the two probe images, with normalization of each pixel on laser pulse energies, allowed acquisition of a PT thermolens image in analogy to PT phase contrast images. 24, 46 These both depend on cell absorption only without the possible influences of phase distortion on the probe beam, natural refractive heterogeneities of the sample, light scattering effects, and possible variation of the probe and pump laser energy. The pump and probes beams have a stable, smooth Gaussian-like intensity profile controlled with the CCD camera. 24 As a result, formation of a PT image requires just one pump pulse with a relatively broad beam diameter ͑e.g., 30 m for pump beam, and 20 m for probe beam in most experiments͒ covering an entire single cell of typical diameter around 14 to 18 m. Thus, time-consuming scanning with a strongly focused laser beam across each individual cell, as in conventional laser thermolens imaging, was unnecessary. The influence of a Gaussian-like beam profile on cell image quality was reduced by use of only the central part of the laser beam with diameter larger than cell size and algorithm of the subtraction of two probe images ͑see above͒. With this schematic, a spatial resolution is determined by the microscope objective aperture rather than by the laser beam diameter ͑ap-proximately 700 nm at 20ϫ, and 300 nm at 100ϫ͒. Due to the short duration of the laser pulse ͑8 ns͒, the influence of heat diffusion from laser-heated cellular absorbing structures on optical resolution is negligible. 45 Measurement of PT responses at different pump wavelengths permitted the acquisition of PT spectrum from single cells and their absorbing structures. 24 The monitoring of changes in PT response amplitude and temporal shape at different laser pump energies allowed examination of laser-induced nonlinear phenomena ͑e.g., bubble formation͒ and cell photodamage threshold. 47 
Cell Culture and Drug Treatment
For verification of the PT assay, we examined KB3 cells treated with the microtubule inhibitor vinblastine, a wellestablished model of drug-cell interaction that induces apoptosis under lethal conditions. [48] [49] [50] KB3 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 50 U/mL of penicillin, 50 g/mL of streptomycin, and 5 mM of L-glutamine at 37°C and 5% CO 2 . Cell culture reagents were obtained from Life Technologies ͑Carlsbad, California͒. Cells were seeded in 60-mm tissue culture dishes, grown overnight, and then treated with vinblastine ͑Sigma, St. Louis, Missouri͒ by diluting the drug 1:1000 in growth media at the appropriate concentration. Controls received vehicle ͓0.1% dimethysulfoxide ͑DMSO͔͒ alone. Cells were washed three times with 4 mL of phosphate buffered saline. The cells were either studied in suspension in sealed chambers ͑S-24737; Molecular Probes, Oregon͒ at a concentration of 10 6 cells/ mL or fixed on a microscope slide. KB-V1 cells, which are vinblastine-resistant, were maintained in the same media containing 1 g/mL of vinblastine and were described previously. 51 
Cell Viability and Apoptosis Assays
Inhibition of cell proliferation by vinblastine was measured by the 3-͑4,5-dimethylthiazol-2-yl͒-2,5-diphenyltetrazolium bromide ͑MTT͒ assay. 48 Cells ͑2000 per well͒ were plated in 96-well dishes, and after 24 h, the medium was replaced with fresh medium containing either vinblastine ͑0.1 to 100 nM in 0.1% DMSO͒ or vehicle alone and treated for 48 h. All treatments were performed in triplicate, and viability was expressed as a percentage of the untreated controls. Detection of cytosolic cytochrome c was determined by subcellular fractionation and immunoblotting as described previously. 50 Cleavage of poly ͑adenosine diphosphate-ribose͒ polymerase ͑PARP͒, as an apoptotic marker, was examined by immunoblotting as described previously. 50 
Confocal Laser Scanning Microscopy
KB3 cells were cultured in six-well plates and treated with different concentrations of vinblastine ranging from 10 −10 to 10 nM. For the analysis of mitochondria, cells were treated with 0.1 M of MitoTracker Red CMXRos ͑Molecu-lar Probes͒ for 30 min before fixation. Cells were fixed with 3% paraformaldehyde and permeabilized with 0.2% Triton X100. For cytochrome c staining, cells were treated with anticytochrome c antibody according to manufacturer's instructions ͑Pharmingen, San Diego, California͒. Anticytochrome c treated cells were visualized with Oregon Green-conjugated second antibody ͑Molecular Probes͒. Fluorescence was observed using a Zeiss LSM 410 confocal laser scanning microscope. Cell size was measured in transmission mode, with a minimum of 150 cells for each condition. Mitochondria size was measured similarly.
Results
Photothermal Imaging of Cells
PT assay ͑imaging͒ is a relatively new technique, and we first determined whether the response would be optimized using suspension versus adherent cells and to directly compare this new technique with conventional imaging techniques. Figure  2 presents PT images compared to transmission, phase contrast, and fluorescence, of a single KB3 cell, either in suspension ͓Figs. 2͑a͒-2͑d͔͒ or on substrate ͓Figs. 2͑e͒-2͑h͔͒. It is evident that the PT assay permits imaging of tiny local absorbing cellular structures ͓Figs. 2͑d͒ and 2͑h͔͒ that are invisible by conventional transmission techniques ͓Figs. 2͑a͒ and 2͑e͔͒ due to its low absorption sensitivity. The quality of the PT image was superior when cells were visualized on substrate rather than in suspension, and subcellular structures and their boundaries were more clearly observed. For example, the nuclear region was more clearly defined with adherent cells ͓Fig. 2͑h͔͒ compared to suspension cells ͓Fig. 2͑d͔͒. Note that the nucleus itself does not absorb in the spectral range used, and with adherent cells, the nuclear region is less obscured by mitochondria. When cells were labeled with MitoTracker Red ͓Fig. 2͑g͔͒, the fluorescent image obtained had a pattern very similar to that of the PT image, suggesting that the main absorbing target of PT is located in the mitochondria. Additional measurements of the PT spectra of individual local zones in PT images in Fig. 2͑h͒ obtained at different wavelengths of the pump laser revealed a good correlation with the conventional spectrum of cytochrome c, at least in the spectral range of ϳ530 to 560 nm ͑data not shown, see method details in Ref. 24͒ .
High quality PT images suitable for accurate quantitation and identification of cellular absorbing components were best obtained with adherent cells versus suspension cells ͓Fig.
2͑d͔͒. However, data collection was relatively timeconsuming when individual cells were analyzed. On the other hand, cells in suspension were more convenient for rapid monitoring, especially in flow cytometry mode, 36, 52, 53 and still provided quantitative concentration-dependent PT responses over a wide concentration range. 34 We therefore further investigated this approach to monitor integrated PT responses from single cells in suspension.
Characteristics of Cellular Photothermal Response
We next explored the potential of the PT technique to provide quantitative data of the intracellular effects of cytotoxic drugs. To achieve this, we first measured the time-resolved PT response amplitude from single cells in suspension. In untreated KB3 cells, at a relatively low laser fluence ͑Ͻ8 J/cm 2 ͒ not causing cell photodamage, a high initial peak PT response due to fast heating was observed, followed by slow exponential cooling resulting from heat diffusion into the surrounding solution ͓Fig. 3͑a͔͒. This PT response is similar to that observed in other cell lines. 24, [31] [32] [33] [34] [35] [36] [37] The averaged thermal relaxation time 24 ,34 T was determined to be 42± 5 s with an estimated temperature elevation of 6±0.7°C. This relaxation time corresponds to a cell size of 16 m ͑assuming a spherical cell͒, close to the measured cell diameter of 17 to 20 m ͑see Fig.   7͒ . The PT response amplitude increased with pulse energy until local temperatures reached the evaporation thresholds ͑ϳ150 to 220°C͒. 34 At these energy levels, a sharp decrease ͑negative peak͒ was observed, followed by an increase, and then a gradual decay as before ͓Fig. 3͑b͔͒. The shape of these curves is related to microbubble formation around the local absorbing structures, with the negative peak created by rapid bubble expansion and collapse with changes in local refractive index, light scattering and temperature. 47 The appearance of the bubbles and their precise life span, ranging from 0.2 to 10 s, is strictly dependent on the size of the endogenous cellular absorbing structures, providing a very sensitive method to examine the effects of agents that cause such changes. PT responses without ͓i.e., Fig. 3͑a͔͒ or with negative components ͓i.e., Fig. 3͑b͔͒ were referred to as linear or nonlinear PT responses, respectively.
Quantitation of Photothermal Response as a Function of Drug Concentration
In a method similar to that used in laser viability tests, 32 we measured the percentage of linear and nonlinear PT responses, which were produced after irradition of single cells with one laser pulse, as described in Sec. 2. The experimental results were used to calculate a ratio: ␦ NL = N NL / N ϫ 100%, where N is the total number of PT responses after a one-time irradiation of each cell with just one laser pulse, and N = N L + N NL , and where N L and N NL are the number of linear and nonlinear PT responses, respectively. The total number of irradiated cells was 100, and all experiments were performed three times under the same conditions. Thus, the change of the nonlinear PT responses was used here as an indicator of drug-induced change in the local absorption. The results are presented as differences in the percent of the number of nonlinear PT responses between drug-treated and control cells, that is, as
To distinguish from the laser load test, 32 we named this modified approach the nonlinear differential PT test ͑see details in Ref. 34͒. By measurement of differential nonlinear PT responses at different laser energies at a specific wavelength ͑525 nm͒ and with a constant drug dose ͑1 nM, 24 h treatment͒, the energy range, which provided maximum PT response, was determined to be 110± 25 J ͑fluence 22±5 J/cm 2 ͒.
To demonstrate the power and potential of this technique to examine drug impact, we measured differential nonlinear PT responses ⌬␦ NL in KB3 cells as a function of vinblastine treatment over a wide concentration range ͑Fig. 4͒. We first examined drug-sensitive KB3 cells treated for 24 h, at vinblastine concentrations of 10 −10 to 300 nM. A small increase within experimental error was observed at very low vinblas- tine concentrations of 10 −9 nM. With concentration increase, the PT response decreased in a dose-dependent fashion, reaching a minimum at around 1 nM. At higher concentrations and within a narrow concentration range of 10 to 50 nM, the PT response rapidly returned to the level of control cells and rapidly decreased again. As shown in Sec. 4, these more abrupt changes at higher concentrations corresponded to lethal drug doses. This profile was highly reproducible and was observed in five independent experiments. To further investigate the nature of the PT signal with respect to the interaction of vinblastine with internal cellular structures, we used the multidrug-resistant KB-V1 cell line. KB-V1 cells are highly drug-resistant and exhibit a 50% inhibitory concentration ͑IC 50 ͒ for vinblastine of 5 M ͑versus KB3 cells with IC 50 of 0.8 nM͒. 51 The resistance is due to P-glycoprotein-mediated drug efflux, thus KB-V1 cells do not accumulate vinblastine internally. The PT response of KB-V1 cells was relatively unchanged in the range of 10 −3 to 30 nM of vinblastine ͑Fig. 4͒. These results indicate that the robust PT response in KB3 cells is due mostly to drug impact on intracellular components.
Comparison with Conventional Cytotoxicity Assays
MTT viability assays were performed with KB3 cells treated with vinblastine for 48 h. Concentrations up to 0.3 nM had no observable effect on viability, whereas a concentration of 1 nM was growth inhibitory, with essentially no cell survival at higher concentrations ͓Fig. 5͑a͔͒. An IC 50 value of 0.8 nM was derived from these data. It is evident that the maximum negative response in the PT assay ͑Fig. 4͒ closely corresponded to this IC 50 value, and that lethal conditions ͑Ͼ1 nM͒ correspond to the most dramatic changes in the PT response curve. Lethal concentrations of vinblastine also caused cytochrome c release from mitochondria to the cytosol ͓Fig. 5͑b͔͒. To confirm that vinblastine induced apoptotic cell death at these higher concentrations, cleavage of PARP was examined by immunoblotting. PARP was cleaved into its characteristic truncated form ͑85 kDa͒ at vinblastine concentrations of 1 nM and higher, confirming an apoptotic form of cell death ͓Fig. 5͑c͔͒. Cytochrome c release and PARP cleavage were only evident at lethal vinblastine concentrations and were not detected at concentrations of 0.3 nM or lower. Thus, the standard tests of cell viability and cell apoptosis depicted in Figs. 5͑a͒-5͑c͒ were much less sensitive than the PT response. For example, a PT response was readily detectable after 24-h treatment with 10 −7 nM of vinblastine, while concentrations approaching 1 nM and above were required to observe changes using conventional viability and apoptotic assays.
Relationship to Mitochondrial and Cell Size
To further document and confirm a role of mitochondria and cytochrome c release in cell death induced by vinblastine, and to relate PT responses to such changes, we undertook fluorescent imaging of mitochondria and cytochrome c, as described in Sec. 2. Comparison of the average diameter of similarly shaped mitochondria indicated an increase in diameter of 45± 12% at 1 nM of vinblastine ͓Fig. 6͑b͔͒ compared to control cells ͓Fig. 6͑a͔͒. However, mitochondrial swelling was reversed at a concentration of 10 nM of vinblastine ͓Fig. 6͑c͔͒, with average mitochondrial diameters more similar to control cells. As the first observation of this phenomenon, we repeated the experiments with simultaneous imaging of cytochrome c. In control cells, the distribution pattern of cytochrome c matched that of the mitochondria ͓Fig. 7͑a͒ and 7͑b͔͒. At 1 nM of vinblastine, corresponding to the maximum negative PT response, we observed again mitochondrial swelling without cytochrome c release ͓Fig. 7͑c͒ and 7͑d͔͒. At 10 nM of vinblastine, corresponding to large changes in the PT response, we observed slight mitochondrial shrinkage and initial signs of cytosolic cytochrome c ͓Fig. 7͑e͒ and 7͑f͔͒. Finally, we sought to determine whether there was a relationship between the PT responses and cell size at different drug concentrations. The average diameter of cells in suspen- sion was monitored with high-resolution transmission microscopy as a function of drug dose and incubation time. Under each condition, 150 cells were analyzed. As shown in Fig. 8 , cell size underwent changes as the concentration of vinblastine increased. Initially, in the range 10 −6 to 10 −2 nM, there was a slight increase in the size, followed by a return to control value at around 1 nM. At higher concentrations, particularly within the narrow range of 1 to 50 nM of vinblastine, there was a more dramatic increase in cell size of approximately 30%. Thus, drug-induced changes in cell size occurred more prominently at vinblastine concentrations higher than that which caused mitochondrial swelling.
Discussion
In this paper, we have described an application of a laserbased PT method ͑assay͒ for testing drug impact at a single cell level in vitro. Specifically, we studied the distinctive changes of PT parameters after exposure of KB3 carcinoma cells to the antitumor drug vinblastine in a broad concentration range of 10 −10 to 300 nM. We demonstrated that this system has many advantages over conventional techniques including high sensitivity, simplicity, and rapidity, with the ability to provide quantitative information on drug impact. For example, a PT signal is readily obtained after exposure of cells to 10 −7 nM of vinblastine ͑Fig. 4͒, some six to seven orders of magnitude lower than conventional viability assays ͑Fig. 5͒. Further, this information is obtained with minimal cell preparation and with no requirement for labeling or staining of cells. In particular, the PT assay only requires about 5 to 10 l of cell suspension. The minimum number of cells for PT assay ͑usually, 100 to 500 cells͒ depends on the cell absorbing structure heterogeneity and the dependence of PT response on this heterogeneity. In addition, data acquisition is extremely rapid, within minutes, with PT information from a single cell obtained during a one laser pulse. To our knowledge, there is no existing assay that combines these attributes of sensitivity, rapidity, and convenience.
Specifically, the PT response profile from vinblastinetreated KB3 cells exhibited specific features that were highly reproducible within the PT assay accuracy ͑ϳ7%͒. In the range 10 −8 to 0.3 nM of vinblastine, the nonlinear PT response had a magnitude that was dose-dependent with respect to drug concentration. In this very low drug concentration range, the PT response was robust, whereas more conventional assays, including those measuring cell viability, cytochrome c release, and mitochondrial size, failed to register significant change. These results reemphasize the remarkable sensitivity of this technique. At higher, lethal concentrations, in the range 1 to 100 nM of vinblastine, the PT response showed dramatic and abrupt changes in magnitude and direction ͑Fig. 4͒. In this higher concentration range, conventional assays showed changes in cell size, mitochondrial size, and cytochrome c release into the cytosol, and at a later time-point of 48 h, overt signs of apoptosis including PARP cleavage and loss of cell viability.
These data raise key questions: What are the cellular absorbing structures that are sensitive to drug impact? What is the mechanism of the PT response from such structures? Recently, we have developed the nanocluster model of the PT assay and verified it during the study of nicotine-induced changes in cell metabolism and apoptosis. 34 Here we have applied this model for interpretation of antitumor drug action. Briefly, in the PT assay, the cellular response to the drug impact is monitored through drug-induced changes in PT responses from light-absorbing, nonfluorescent endogenous cellular nanoclusters that can be used as natural indicators of the drug's effects. Indeed, many cellular proteins with chromophore groups ͑e.g., cytochromes͒ are involved in metabolic sensing pathways that are extremely sensitive to drug action. [1] [2] [3] 36 From a diagnostic perspective, most chromophores provide the strongest local absorption in the visible and near-infrared regions ͑at least 10 3 times higher than background absorption from water, lipids, etc.͒ with different localization in plasma membrane or in subcellular organelles. 54, 55 Intracellular absorption depends on the size of the absorbing chromophore molecules, their spatial organization, and their ability to create molecular nanoclusters. 34 The high-resolution images in the current studies made it possible to determine the similarities of local cellular structure profiles obtained in parallel with PT ͓Fig. 2͑h͔͒ and fluorescent technique in the same cells with selective labeling of mitochondria ͓Fig. 2͑g͔͒ and cytochrome c ͓Fig. 7͑b͔͒. In addition, the good correlation of the PT spectra of individual local zones in PT images with the conventional spectrum of cytochrome c ͑not shown, see detail in Ref. 24͒ confirm that one of the main dominant cellular absorbing components in the spectral range used ͑530 to 560 nm͒ is cytochrome c located in mitochondria. 54 This finding is consistent with data obtained using the PT frequency domain scanning mode. 30 Besides, with transmision electron microscopy of cells after exposure with relatively high laser pulse energy ͑532 nm, 20 J/cm 2 , 12 ns͒, we observed that a distinctive local photodamage in cellular ultrastructure was confined to the mitochondria.
Thus, the basic informative cellular parameter provided by laser PT assay is an absorption coefficient, in particular, of cytochrome c, in mitochondria. In linear mode, the local PTimage amplitude ͓Figs. 2͑d͒ and 2͑h͔͒ is related to local cellular absorption, while the integrated PT response ͓Fig. 3͑a͔͒ is related to average absorption within whole cells. In nonlinear mode, the bubble formation around the local absorbing zone provides information on the level of local absorption through the nonlinear differential PT parameter ⌬␦ NL indicating the probability of bubble-related PT responses as a function of local cellular absorption ͑e.g., with local absortion increase parameter ⌬␦ NL increase, see details in Ref. 34͒ . We found that rapid measurement of the number of nonlinear PT responses related to bubble formation around local absorbing structures seems to be much more sensitive and accurate to low dose drug impact than measurement of the amplitude of linear PT responses ͑principle similarity to analogue versus digital techniques͒.
As we demonstrated, the PT responses are very sensitive to drug-induced changes in local cellular absorption. 33, 34 Indeed, many of the cellular events during drug-cell interaction ͑e.g., change in metabolism, inactivation of enzymes, or induction of apoptosis and necrosis͒ are accompanied by changes in local absorption in micro-and nanostructures during their shrinking, swelling, or spatial reorganization. It is interesting that morphological changes during apoptosis-and toxicrelated necrosis are completely different. 56 In particular, during necrosis, the cells and the mitochondria extensively swell with early rupture of the plasma membrane, releasing cytoplasmic contents into the intercellular space. By contrast, during mitochondria-dependent apoptosis ͑focus of our study͒ as early events, the cells and mitochondria shrink leading to the hyperdensity of mitochondria ͑"mitochondrial pyknosis"͒, but the organelles retain their integrity, and the plasma membrane later develops blebs, but does not rupture. The elongated and dispersed form of mitochondria in control cells changes during apoptosis and they become more spherical and may be clustered around the nucleus forming aggregates with budding-like structures. 56 During this process, the mitochondrial matrix swells leading to the dominant expansion of the inner membrane that compresses cytochrome c, located between the inner and the outer mitochondrial membranes. Cytochrome c becomes more dense with increased local absorption. Then, the size of the outer membrane may increase and cytochrome c is released from mitochondria. This process is very fast ͑takes just a few minutes͒ 57, 58 and drug dose-dependent. 34 It is important that mitochondria aggregation precedes cytochrome c release and caspase activation. 40 As a result, cytochrome c located in mitochondria form punctate nanoclusters, whereas after apoptotic release, cytochrome c is diffuse partly in cytosol ͓Fig. 7͑b͔͒, which is consistent with data published elsewhere ͑e.g., Refs. 30, 40, 57, and 58͒. The cell shrinking with cytochrome c release can be considered a sign of early apoptosis because it happens before condensation of nuclear chromatin and membrane blebbing. 56 The slight shrinking phenomena may also occur during natural reversible metabolic cell responses to drug impact at low drug doses 15, 34 compared to much higher doses required to induce apoptosis.
Thus, according to the described phenomenological model of PT assay, the qualitative relationship between drug action and nonlinear PT responses through parameter ⌬␦ NL is as follows: ͑1͒ drug-induced change of mitochondria sizes, ͑2͒ change in local concentration of cytochrome c, ͑3͒ change in local absorption associated with cytochrome c, ͑4͒ change in laser-induced local temperature, ͑5͒ change in linear PT response amplitude and the probability of nonlinear PT response. A quantitative relationship can be established based on comparison of cell response to different drug concentration assessed in parallel with PT assay through parameters ⌬␦ NL ͑Fig. 4͒ and conventional assays ͑Fig. 5͒. These and our other results 33, 34 indicate that the PT assay can be used to conveniently and rapidly monitor and quantitate toxic and apoptotic effects. Toxic effects are accompanied by gradual mitochonodria swelling that leads to a gradual slow decrease of ⌬␦ NL having a negative sign. On the contrary, the early apoptotic effects are accompanied by mitochondrial shrinking with compression of cytochrome c, which can be detected through an increase of parameter ⌬␦ NL having a positive sign. 34 At a later stage, cytochrome c release leads to a very sharp and profound decrease in ⌬␦ NL , having a positive sign before and a negative sign after accomplishing this process. The simultaneous appearance of toxic and apoptotic phenomena leads to more complicated behavior of ⌬␦ NL , such as toxicity-related gradual dropping of negative ⌬␦ NL with the appearance of sharp apoptotic-related changes in the concentration range 10 to 50 nM ͑Fig. 4͒.
Thus, necrotic ͑toxic͒ mitochondria swelling and apoptotic-related release of cytochrome c lead to decreased linear and nonlinear PT parameters. Distinguishing two different cell death processes ͑apoptosis or necrosis͒, in this case, with PT technique, may require measuring PT parameters for at least two different drug concentrations, taking into account the different behavior of the parameter ⌬␦ NL described above, including its changed sign. For example, in linear mode, an increase in integrated PT response from whole apoptotic cells and local PT image amplitude compared to control, on average, for early apoptosis was 2 to 3 times and 3 to 5 times, respectively, while a decrease in the same parameter for necrotic cells reached 2 to 3 and 5 to 10 times, respectively. Because shrunken apoptotic and swollen necrotic cells are different sizes ͑up to 1.5 to 2 times͒, measuring the PT response tail, which is related to cell size, is another way to discriminate such cells without their imaging. 53 Recently, we discovered that in two-beam ͑pump-probe͒ PT schematics ͑Fig. 1͒, the temporal fluctuation of the probe beam, even without the pump laser pulse, is very sensitive to functional states of single cells, giving an additional method to distinguish apoptotic or necrotic cells with increases and decreases in intracellular traffic, respectively, compared to normal cells. 59 Another question is how to distinguish metabolic-and apoptotic-related shrinking phenomena, which both lead to an increase in the positive component of ⌬␦ NL . According to our previous 34 and current findings, the first process is very gradual in a large concentration range from low to moderate concentrations, while apoptotic-related shrinking takes place at higher concentrations with higher increases in rate in a narrower concentration range. Our data with monitoring of PT responses from different cell types with the same impact ͑e.g., nicotine 34 ͒ as well as from the same cell type with different antitumor drugs 33 confirms the described qualitative behavior of parameters ⌬␦ NL and its similarity for different drugs and cells with quantitative differences in those drug doses that induce similar PT responses.
Much of the previous work with conventional assays has focused mostly on lethal drug concentrations that lead to cell death by apoptosis or necrosis. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, the observation of more subtle drug effects has been hampered by the lack of an appropriate assay sensitive enough to detect the effects of drug concentrations as low as the PT assay enables. While these dramatic changes in cell organization may be responsible for the PT response generated at high drug doses, the exact source of the PT response at low drug concentrations remains uncertain. Low drug concentrations could alter certain aspects of cell structure or function in ways that are sensitive to a PT response but not measurable using conventional assays, or perhaps simply the presence of a drug within the cell provides a signal. In particular, for 24-h vinblastine incubation, we observed only very small, not statistically significant, increases in the positive component ⌬␦ NL at a dose of 10 −9 nM with the dominant negative component of ⌬␦ NL at higher concentration ͑Fig. 4͒. At 1-h incubation, we observed a gradual, more profound increase in the positive component of ⌬␦ NL in the range 10 −1 to 10 nM and then its gradual decrease in the range 10 to 10 2 nM with no sign change ͑not shown͒. In previous studies with a 24-h incubation with the drug paclitaxel ͑taxol͒, we also observed a more profound increase in the positive component of ⌬␦ NL in the range of 10 −9 to 10 −6 nM, which is associated with metabolic response at low drug concentration with further shift of the negative component at higher concentration. 33 At low vinblastine concentrations, the mechanism of the PT response may be related to changes ͑e.g., reversible mitochondria swelling͒ that are undetectable by conventional means. This mechanism might be related to vinblastine-induced modification of microtubules as main cytoskeletal elements, which regulate the distribution of mitochondria in the cells and its morphology. The high sensitivity of PT technique at low concentration range is related with the use of bubble formation phenomena as a supersensitive indicator of drug-induced changes in local absorption. As we have shown, 33, 34 laser-induced temperature is proportional to the inverse cube of target size ͑i.e., a decrease in size of 5% leads to an increase in temperature of 15%͒. When initial laser-induced temperature is close to the bubble formation threshold, for instance, 10% below this threshold, even slight mitochondria shrinking of 5% ͑which corresponds to change of a mitochondria size of 5 to 15 nm for mitochondria with typical size of 0.1 to 0.5 m͒ leads to sudden bubble formation easily detectable with the PT technique. According to the principle of PT microscopy beyond the diffraction limit, 24, 44 PT detection and especially, visualization, expanded above the diffraction limit bubble provides information of nanoscale absorbing target sizes with a diffraction-limited optical technique. In particular, we demonstrated a relation of nonlinear PT response amplitude and width with average nanocluster sizes at fixed laser pulse energy allowing the determination of these sizes up to 20 nm, if not less. 60 With high numerical aperture of the microscope objective, PT technique enables the detection of even single nanobubbles with a size below the diffraction limit. 44, 53 According to the discussion, the PT assay may serve as a highly sensitive indicator of morphological changes at the subcellular level undetectable with conventional microscopy ͑e.g., change of nanoscale target such as mitochondria size on just 10 to 30 nm͒. The cell size parameter, which was accurately measured by conventional transmitted light microscopy, changed even at very low drug concentrations ͑Fig. 8͒. Because the PT technique is sensitive to changes in internal cellular structures rather than to the overall cell size, 34 these data suggest that there is a relationship between these internal structures measured by the PT method and overall cell dimension.
Multidrug-resistant KB-V1 cells, which are unaffected by vinblastine due to a lack of intracellular drug accumulation, do not generate a PT response ͑Fig. 5͒. This result provides additional compelling evidence that the PT response is due to the presence of a drug internally. Although we provide reasons that in the spectral range used, the dominant cellular local absorption is determined by mitochondrial cytochrome c, potential contribution in PT response of other cytochromes and influence of membrane plasma proteins, for example, porphyrin-like components 61 requires further detailed study in broad spectral range of 415 to 2300 nm available in the new PT flow cytometer. 36 The nanocluster model of the PT assay is applicable also to membrane plasma proteins because cell shrinking leads to decreased distance between molecular absorbing clusters on the membrane leading to increased local absorption.
Conclusion
In conclusion, we have demonstrated for the first time the capability of the new high-resolution PT technique, with an extremely high degree of sensitivity, to detect an intracellular antitumor drug in a broad, dynamic concentration range, with threshold sensitivity of 10 −7 nM, with an acquisition time of around 3 to 5 min, and with no requirement for scanning, fluorescent labeling, or conventional staining. The PT technique is rapid because the assay is responsive to immediate effects of the drugs, whereas conventional viability assays rely on measurement of end points that may take several days to manifest. These data are also the most highly resolved images documented to date with the time-resolved PT technique and therefore represent a significant improvement not only over conventional imaging but also over previously described PT techniques. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] 46, 47 We anticipate that this assay may serve as the basis for an automated throughput screening system that is ͑1͒ low cost, ͑2͒ rapid ͑minutes͒, ͑3͒ robust, ͑4͒ informative ͑several diagnostic parameters͒, ͑5͒ universal, and has ͑6͒ having potential for use in flow cytometry mode. 36, 52, 53 This assay also has a potential clinical application to test chemosensitivity of tumor samples and to provide fast feedback control for optimizing individualized cancer treatment strategies. The PT method could potentially be used to indicate the presence of a drug at very low concentrations within different cell types of a tumor. PT response behavior at low and high drug doses could potentially predict the toxicity of chemotherapeutic drugs, allowing adjustment to effective but tolerable doses.
